Two recent works cause us to reexamine Bredehoeft's (1967) analysis of earthtide response of water wells. Narasimhan et al. {1984) raise several questions regarding Bredehoeft's (1967) analysis and suggest that the analysis is internally inconsistent. They argue that one cannot directly estimate the specific storage, which characterizes the drained behavior of a porous medium, from earth tide response, which is an undrained phenomenon. We resolve the questions raised by Narasimhan et al. (1984) and show that Bredehoeft's analysis is internally consistent. In addition, we show that it is possible to determine the specific storage from undrained loading. While Bredehoeft's analysis is somewhat heuristic and neglects grain compressibility, Van der Kamp and Gale (1983) present a more rigorous analysis that is based on Biot's 11941) constitutive relationships and accounts for grain compressibility. However, their results reduce to Bredehoeft's results when grains are assumed incompressible. This suggests that Bredehoeft's analysis has incorporated all the essential features of Biot's relationships except for grain compressibility.
Narasimhan et al. [!984
] raise a number of questions regarding Bredehoefi's [1967] analysis and suggest that the analysis is internally inconsistent. They argue that one cannot directly estimate the specific storage from earth tide response. They base this argument on the fact that a confined aquifer responds to earth tide loading in an undrained fashion, while the specific storage quantifies a drained behavior of a porous medium. in an earlier work, Narasimhan and Kanehiro [1980] argue the more general case that the specific storage cannot be directly determined from undrained loading experiments. We show below that it is possible to directly determine the specific storage from undrained loading experiments. Thus it is not unreasonable that one can determine the specific storage from earth tide response. We also resolve the questions raised by Narasimhan et which is the expression for determining S' from an undrained experiment in which the sample is loaded by the external stress a•, 0.22, and a33. Again, we note that •131 should be a'pplied to materials with sufficiently low compressibilities so that the term {a t --p} in the denominator of {13} does not approach zero and thus can be accurately determined.
Narasimhan et al. [1984] argue that because the specific storage characterizes a drained behavior, it cannot be determined directly from the undrained response of an aquifer to earth tides. The two examples above show that the specific storage can, in principle, be determined from undrained response. Also, the calculation of specitic storage from measurements of undrained phenomena has been accepted by hydrogeologists since Jacob's [1940] analysis of tidal and barometric efficiency. Thus it is not unreasonable that the specific storage can be determined from earth tide response.
KEy FEATURES OF BREDEHOEFT'S [1967] ANALYSIS
A main assumption in BredehoejFs [1967] analysis is that the horizontal tidal strains, •:•x and r.22, in the aquifer (or the latitudinal and longitudinal strains near the Earth's surface) can be determined by independent means. In most cases, these strains will have to be estimated from solid-earth-tide theory, using the overall elastic properties of a radially stratified earth. By comparing theoretical calculations with field measurements, Beaumont and Berger [1975] showed that the horizontal tidal strains can usually be estimated from solid-earth-tide theory to an accuracy of about _+50% of the estimate. The uncertainty is due mainly to the effects of ocean tide loading, departure of the Earth from radial stratification, and distortion of the regional strain field by local topography and geologic structure. Correcting for the effects of ocean tide loading, through the use of ocean tide models, can reduce the uncertainty to about _+ 25% of the estimate.
Another assumption in Bredehoeft's analysis is that the tidal potential does not impose significant vertical stress on the aquifer. This assumption is reasonable because of the proximity of the aquifer to the Earth's surface, which is free of tidal traction. In this case, the vertical tidal strain can be separated into the following two components' (1) the vertical strain produced by the horizontal tidal strains in the absence of pore pressure, i.e., under drained conditions and (2) (22) is not carried through the analysis and so the final result is not affected. In the following discussion we resolve the remaining two issues raised by Narasimhan et al. [1984] and show that Bredehoeft's analysis is internally consistent.
In their discussion of Bredehoeff's equation (25) to clarify the point. In analyzing the recovery of a well after a period of constant pumping one can :onsider the hydraulic head in the well to be produced by the sum of two actions: (1) the well continues to be pumped at the constant rate prior to shut-in and {2) water is injected into the well at the same rate as pumping. However, it is not necessary to require that, in reality, both pumping and injection take place at the same time.
Alternatively, the undrained tidal dilatation can be viewed as a two-stage experiment. This is similar in concept to the two-stage experiment described by Narasirnhan et al. [1984, p. 1914 ], but we shall consider strain rather than stress as the controllable quantity (or independent variable) in this experiment. During the first stage, the sample is subjected to sufficiently large compressive horizontal stresses to cause (posi- In closing we wish to emphasize that our discussion is not aimed at criticizing the tidal analysis of Narasimhan et al. [1984] but to resolve the issues raised by these authors regarding Bredehoeft's [1967] analysis. We view the analysis of Narasimhan et al. and that of Bredehoeft as being complementary to each other in the sense that the former requires an independent estimation of the tidal stress while the later requires an independent estimation of the tidal dilatation. In the absence of in situ measurements of tidal stress and dilatation, both approaches will require a certain amount of theoretical calculations based on reasonable parameters. Additional field measurements of pore pressure, tidal stress, and dilatation at experimental sites will undoubtedly improve our understanding of the response of well aquifer systems to earth tides.
